Psychological stress has long been reported anecdotally to increase disease activity in inflammatory bowel disease (IBD), and recent well designed studies have confirmed that adverse life events, chronic stress, and depression increase the likelihood of relapse in patients with quiescent IBD. This evidence is increasingly supported by studies of experimental stress in animal models of colitis. With the evolving concept of psychoneuroimmunology, the mechanisms by which the nervous system can affect immune function at both systemic and gut mucosal levels are gradually becoming apparent. Recent data suggest that stress induced alterations in gastrointestinal inflammation may be mediated through changes in hypothalamic-pituitaryadrenal (HPA) axis function and alterations in bacterial-mucosal interactions, and via mucosal mast cells and mediators such as corticotrophin releasing factor (CRF). To date, the therapeutic opportunities offered by stress reduction therapy remain largely unexplored, in part because of methodological difficulties of such studies. This paper reviews recent advances in our understanding of the pathogenic role of psychological stress in IBD and emphasises the need for controlled studies of the therapeutic potential of stress reduction.
INTRODUCTION c
Both ulcerative colitis (UC) and Crohn's disease are chronic, relapsing, and remitting diseases. There is marked temporal variation in mucosal inflammation, from near normal in remission to severe ulceration during relapse. The aetiology of both diseases involves a complex interaction between genes and environment. 1 2 There has been substantial progress in identification of the genes responsible for predisposition to IBD 3 but the environmental factors which trigger initial presentation and subsequent relapses, and the mechanisms by which they act, are less clearly understood. Psychological stress is one environmental factor which has long been anecdotally reported as having a relationship with activity in IBD, 4 and there have been substantial recent advances in both proving this relationship and in elucidating the mechanisms by which it occurs.
This review first provides a definition of stress and an overview of the anatomy and physiology of the stress response. The modern concept of psychoneuroimmunology is reviewed before examining the evidence that both chronic stress, in the form of adverse life events, and acute experimental stress can affect systemic immune and inflammatory function, and increase disease activity in humans with IBD. We also review the evidence for experimental stress being able to both initiate and reactivate gastrointestinal inflammation in animal models of colitis. The possible roles of altered function of the HPA axis and increased intestinal permeability are also discussed. Finally, we review the potential therapeutic implications of the realisation that psychological stress can worsen disease activity in IBD.
STRESS AND THE STRESS RESPONSE
To maintain homeostasis, a living organism must constantly adapt at a molecular, cellular, physiological, and behavioural level to environmental alterations. Stress can be defined as any threat to an organism's homeostasis. 5 The function of the stress response is to maintain homeostasis and may involve both physiological and behavioural adaptations.
The stress response involves the complex integration of a series of interconnected regions within the brain, most notably the hypothalamus, amygdala, and hippocampus. 6 This network receives input from both visceral and somatic afferents, and from higher cortical structures. In turn, it governs the neuroendocrine stress response via two interconnected effector pathways: the HPA axis and the autonomic nervous system (ANS) (fig 1) .
Stress stimulates the release of CRF from the hypothalamus causing the release of adrenocorticotrophic hormone (ACTH) from the anterior pituitary gland. This in turn stimulates the secretion of cortisol, the principal glucocorticoid, from the adrenal cortex.
Stress activates direct descending neural pathways from the hypothalamus to the pontomedullary nuclei which control the autonomic response. Stimulation of the sympathetic nervous system in response to stress causes the release of adrenaline and noradrenaline from the adrenal medulla. Neurones of the sympathetic ANS also supply the entire gut directly while the vagus and sacral nerves provide parasympathetic input to the upper gut and to the distal colon and rectum, respectively. 7 The efferent and afferent neurones of the sympathetic and parasympathetic ANS communicate with the gut's own rich nerve supply, the enteric nervous system (ENS), and this network has been termed the braingut axis. 7 The ENS contains 100 million neurones and regulates the motility, exocrine, and endocrine functions and microcirculation of the gastrointestinal tract. 7 
PSYCHONEUROIMMUNOLOGY
It is increasingly recognised that the HPA axis, ANS, and ENS can interact directly with the immune system. Psychoneuroimmunology is the study of the mechanisms by which behavioural factors and CNS function can influence inflammation and the immune system at both systemic and local tissue levels. [8] [9] [10] Nerve fibres of the ANS form close effector junctions with lymphocytes and macrophages in lymph glands, bone marrow, thymus, spleen, and mucosa associated lymphoid tissue. 8 A variety of neurotransmitters contained in the neurones of the ANS and ENS, including catecholamines, vasoactive intestinal peptide, angiotensin II, neurotensin, somatostatin, and substance (SP), are capable of affecting lymphocytes, macrophages, neutrophils, and other inflammatory cells at the neurone-immune cell junction and beyond. [8] [9] [10] Lymphocytes and other inflammatory cells also carry receptors for the hormones and neuropeptides of the HPA axis such as growth hormone, ACTH, corticosteroids, and CRF. 8 10 At high concentrations, glucocorticoids, released from the adrenal cortex in response to ACTH from the pituitary, have a mainly immunosuppressive action. They increase the synthesis of anti-inflammatory proteins such as lipocortin 1, interleukin (IL)-1 receptor antagonist, and IL-10.
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Transcription of several inflammatory cytokines and chemokines, such as IL-1, IL-6, 12 and tumour necrosis factor a (TNF-a), 13 is reduced by glucocorticoids via an inhibitory effect on the transcription factors AP-1 and nuclear factor kB. 14 15 Glucocorticoids also promote apoptosis in inflammatory cell types which include T cells and eosinophils. 16 However, at lower concentrations cortisol exhibits an immunostimulatory effect. For example, pretreatment with low dose cortisol increases the production of IL-6 and TNF-a by macrophages in response to lipopolysaccharide (LPS). 17 Similarly, adrenaline and noradrenaline have mixed effects on immune and inflammatory function. Adrenaline infusion causes a rise in serum IL-6, and increases in LPS induced IL-8 and IL-10 synthesis by whole blood. [18] [19] [20] It also increases the number of circulating cytotoxic T cells and natural killer (NK) cells, but decreases TNF-a production by monocytes. 21 
22

EFFECTS OF STRESS ON THE SYSTEMIC IMMUNE SYSTEM IN HUMANS
The effects of psychological stress on the systemic immune and inflammatory system are complex, and depend on both the duration and intensity of the stressor. 23 Both chronic stress and acute stress are associated with alterations in systemic immune and inflammatory function which may have relevance to the pathogenesis of IBD.
Chronic psychological stress, adverse life events, and systemic immune and inflammatory function Chronic sustained stress, such as that due to adverse life events, causes a prolonged increase in cortisol over several days which is characteristically associated with immunosupression. 23 Bereavement, depression, and marital separation have all been shown to reduce the numbers of CD8+ lymphocytes, NK cells, and macrophages found in blood. [24] [25] [26] [27] [28] However, in addition to immunosuppression, chronic psychological stress has also been shown to be associated with subclinical increases in inflammation. Patients with depression, and middle aged and elderly patients with reduced heart rate variability, a measure of increased sympathetic tone and chronic stress, have both been found to have a raised serum C reactive protein. 29 30 Acute psychological stress, experimental stress, and systemic immune and inflammatory function Examining the in vivo effects of psychological stress is difficult as stress is a subjective experience which is hard to define objectively and to simulate in a controlled experimental environment. Placing patients under sustained psychological stress would also be unethical. Despite these limitations, various experimental models have been designed which are capable of inducing mild acute psychological stress, as assessed by the ANS and HPA response. 31 32 The dichotomous listening test, where different auditory inputs are played into the subject's ears, has been one of the commonest techniques used to assess the effects of psychological stress on human gastrointestinal physiology. 33 Difficult mental arithmetic tests (MAT), which include negative feedback and varying degrees of auditory distraction, are also used and are easily reproducible. 34 35 The Trier social stress test (TSST) involves an oral presentation in front of a critical audience 32 36 37 while the Stroop word-colour interference test involves identifying the colour of ink used to write a word which is different to the meaning of the word itself; for example the word blue written in red ink. 38 Both real life acute stress and experimental stress tests cause acute stimulation of the sympathetic nervous system, with an almost immediate rise in adrenaline and noradrenaline. 39 This is followed by a rise in cortisol but both changes are maintained over only a few hours. Stimulation of the stress axes in this way is associated with immune enhancement. 23 There is an increase in serum levels and the production by whole blood of inflammatory cytokines known to be important in the pathogenesis of IBD. Whole blood from medical students taken the day before an examination produced more TNF-a, IL-6, and interferon c (IFN-c) when stimulated with LPS than when taken several weeks later. 40 Similarly, blood stimulated with LPS for 24 hours produced more IL-6 and IFN-c after an acute stressor than before, [41] [42] [43] and serum levels of IL-6 and IL-2 receptor antagonist were increased two hours after a stressful behavioural task. 44 Acute stress has also been shown to cause a leucocytosis in both healthy subjects and patients with quiescent UC, with a rapid redistribution of the lymphocyte population. There is a rise in the percentages of CD8+ cytotoxic T cells and NK cells, and a corresponding increase in their cytolytic activity, as assessed by chromium release assays. 31 45-47 Platelet activation, as assessed by aggregation and production of inflammatory mediators and platelet dependent thrombin generation, has been shown to be increased by experimental stress in both healthy subjects and patients with quiescent UC. [48] [49] [50] [51] Platelets circulate in a higher activated state in patients with IBD 52 and platelet activation may be important in pathogenesis by causing thrombosis formation and microinfarction secondary to microvascular ischaemia. 53 The stress induced activation of platelets could be inhibited by beta blockers rather than aspirin, suggesting that sympathetic stimulation is key in the process. 54 Plateletleucocyte aggregate formation is also increased by acute experimental psychological stress 51 55 ; this variable is raised in patients with IBD and may facilitate extravasation of leucocytes to localised areas of inflammation. 56 Response to acute stress in the presence of chronic stress The physiological and immune response to acute experimental stress is exaggerated by the presence of chronic psychological stress (table 1) . Individuals with high chronic stress levels, such as those caring for a long term dependent or women with a strong family history of breast cancer, showed greater and more prolonged increases in sympathetic activation in response to acute stressors than controls. 34 36 This was associated with a greater increase in NK cell numbers, albeit with an attenuated increase in their activity, in the chronically stressed subjects than in controls. 34 Response to acute experimental stress in the presence of chronic inflammatory disease The immune response to acute experimental stress is also altered by the presence of chronic inflammatory disease (table 1) . Patients with systemic lupus erythematosus (SLE) showed an increase in IL-4 producing peripheral blood mononuclear cells, as assessed by staining of intracellular cytokines, in response to the TSST, where as control subjects did not. 43 The stress induced redistribution of the leucocyte subsets was also altered in patients with SLE, with an attenuated increase in the number of NK cells and their cytolytic activity in comparison with healthy controls. 57 
PSYCHOLOGICAL STRESS AND GASTROINTESTINAL IMMUNE AND INFLAMMATORY FUNCTION IN HUMANS
Chronic psychological stress and adverse life events in IBD In the 1950s, IBD was classified as a psychosomatic disorder 60 61 with many early studies finding an association between IBD and psychiatric diagnoses. [62] [63] [64] However, a review in 1990 of 138 such studies found most to have serious flaws, while in the seven which did not, there was no association between psychiatric disease and UC. 65 In contrast, in a study published in 2004, Mittermaier et al reported that patients with inactive IBD had a significantly increased chance of relapse over the next 18 months if their baseline score on the Beck's depression inventory was raised. 66 Placebo response rates in many therapeutic trials of IBD remain as high as 30-40%. 67 This response rate relates not only to subjective measures such as patients' feelings of well being, but also to objective measures such as the degree of mucosal inflammation seen at endoscopy, and provides further evidence to suggest that changes in psychological state can affect disease activity. 68 Over the years there have been many case studies which have suggested that adverse life events can be a causal factor in relapse in IBD. However, although suggestive, these retrospective studies are frequently flawed by recall bias. Well designed prospective investigations of life events as causative factors for relapse in IBD are difficult to perform. They require a long study period to allow a sufficient number of relapses to occur to test for correlation, and a high degree of patient compliance for the collection of detailed diary records of life events and gastrointestinal symptoms. There are often confounding changes in medication during the study period. Lastly, the definition of what constitutes a stressful life event and what constitutes relapse is variable. In Table 2 Summary of studies assessing association between stress and disease exacerbations in inflammatory bowel disease (IBD) the latter context, many of the clinical scoring systems commonly used to assess disease activity in IBD such as the CDAI 69 and SCCAI 70 contain variables, like stool frequency, which are known to be affected adversely by stress but which do not necessarily reflect a worsening of inflammation.
The results of early studies of the association between adverse life events and disease activity in IBD were mixed (table 2) . 71-74 77-79 However, two more recent analyses, in which meticulous attempts were made to address these methodological problems, both found life events to be associated with a higher risk of subsequent relapse. Bitton et al found the number of stressful life events in the preceding month to be a risk factor for relapse in a one year prospective study of 60 patients with UC. 75 Similarly, Mardini et al found depression and, to a lesser extent, life events to be predictors of relapse in a two year prospective study of 18 patients with Crohn's disease. 76 It is now also recognised that an individual's stress response depends on their perception of the significance of the stressor, a factor which is not taken into account in a standard record of life events. The perceived stress questionnaire (PSQ) was developed to overcome this limitation. In a prospective cohort study of 62 patients with UC, a score in the upper tertile of the PSQ over the previous two years significantly increased the actuarial risk of an exacerbation 81 and was also predictive of mucosal abnormalities in patients with UC who reported no symptoms. 82 Ninety per cent of patients who scored in the upper tertile of the PSQ experienced a relapse during the study compared with 44% in the lower tertile. 81 In these studies a chronic state of heightened stress appeared important in predicting relapse.
Acute psychological stress and gastrointestinal immune and inflammatory function Both of the two small studies which have examined the role of acute daily stress in IBD suggest a positive association between disease relapse and exacerbation (table 2) . 83 84 There have been few examinations of the effects of experimental stress on gastrointestinal inflammation in humans. One study did find that physical stress, induced by immersion of the hand in iced water, increased the luminal jejunal concentration of the mast cell mediators tryptase and histamine in healthy volunteers and even more so in those with food allergies. 85 We have found that acute psychological stress in the form of a dichotomous listening test increases the production of reactive oxygen metabolites by rectal mucosal biopsies in patients with quiescent UC (JE Mawdsley et al) (work in progress).
There is also limited anecdotal evidence that artificially induced alterations in neural function can affect gastrointestinal inflammation. One reported example is of a man whose previously refractory UC went into complete remission following a Brown-Sequard paralysis at the level of C5. 86 Kemler described a patient who suffered recurrent flares of his UC in association with spinal cord stimulation given for post-traumatic pain in his arm. 87 Neuromodulatory drugs such as lidocaine, 88 which decreases neuronal release of SP, clonidine, 89 and nicotine 90 have been claimed for many years to have benefit in UC in clinical trials and remain potential therapeutic agents in IBD. 91 Functioning of the stress axes in IBD Several studies have suggested that the functioning of the HPA axis may be altered in patients with IBD and this may be important in relation to stress induced increases in disease activity. Usually, the release of CRF within the pituitary, and hence the serum concentration of cortisol, is increased by inflammatory cytokines, particularly IL-6. As the prevailing action of cortisol is anti-inflammatory in this context it provides a negative feedback which reduces inflammation. However, in a study of 64 patients with UC, serum concentrations of cortisol were found to bear no relation to serum IL-6 levels or to scores of disease activity. 92 In a second study, Straub et al examined the correlation between sympathetic tone, as indicated by serum levels of neuropeptide Y, and HPA axis stimulation, as measured by serum cortisol, in healthy controls and patients with IBD. 93 In healthy volunteers, the two variables were positively correlated. However, in patients with IBD, there was no such correlation, with a higher level of neuropeptide Y and a lower level of cortisol. Although in this study the concomitant use of oral steroids may have affected results, the authors suggest that in patients with IBD there may be uncoupling of the sympathetic nervous system and HPA axis. Chronically raised levels of inflammatory cytokines in the blood due to active IBD may thus blunt the response of the HPA axis to both inflammation and acute stress, as has been found in other chronic inflammatory diseases.
The function of the ANS may also be altered in patients with IBD as some authors have reported marked autonomic nervous hyperreflexia in patients with UC and CD. 94 Acute psychological stress and gastrointestinal motility, and water and ion secretion (fig 2) Acute psychological stress has effects on gastrointestinal motility, and water and ion secretion. Thus in healthy human volunteers, acute short term stress in the form of painful stimuli, dichotomous listening tests, and stressful interviews enhanced colonic motility. 95 Dichotomous listening tests and cold pain stress have also been shown to increase jejunal water and sodium and chloride ion secretion. 85 96 97 Although these are non-inflammatory changes, they could contribute to stress induced increases in symptomatology in patients with IBD.
Psychological stress and pain processing Acute psychological stress has been shown to decrease thresholds for the perception of pain. Dichotomous listening tests decreased the threshold for the perception of pain in response to rectal distension in both patients with IBS and healthy volunteers. 98 99 Although this experiment has not been repeated with patients with IBD, if stress does lower pain thresholds in these patients it may, in part, explain how acute stress can worsen IBD symptomatology.
The central release of SP from afferent neurones has been shown to be important in mediating stress induced gastrointestinal hyperalgesia. Central administration of an SP antagonist prevented restraint stress induced hypersensitivity to rectal distension in the guinea pig. However, the SP antagonist had no effect on rectal sensitivity in animals which had not been sensitised with restraint stress. 100 The role of peripheral substance P (fig 2) In addition to its central effects, peripheral release of SP from the ENS may have a role in stress induced increases in mucosal inflammation. Although there are no published data to show an increase in mucosal SP in response to stress, SP containing neurones are found in close association with mast cells, a cell type implicated as central in mediating stress induced permeability changes (see below). SP has been shown to increase histamine release from mucosal mast cells in patients with IBD. 101 Lastly, SP can act not only as a neurotransmitter but also an inflammatory cytokine in its own right, enhancing cytokine production and stimulating chemotaxis of inflammatory cells. 102 It also increases expression of leucocyte adhesion molecules on microvascular endothelium, and of CD11b on neutrophils, facilitating leucocyte adhesion at sites of inflammation. 102 
PSYCHOLOGICAL STRESS AND GASTROINTESTINAL IMMUNE AND INFLAMMATORY FUNCTION IN ANIMALS
Chronic psychological stress and animal models of IBD Like humans, some animals may develop bowel inflammation when chronically stressed. Cotton top tamarins are at increased risk of a colitis closely resembling UC when subjected to the chronic stress of living in captivity, with remission being induced by return to natural living conditions. 103 Similarly, Siamese gibbons can also develop a fatal colitis when held in captivity. 104 Acute psychological stress and animal models of IBD As in humans, experimental models of psychological stress have been developed to allow the study of the role of psychological stress in animal models of IBD. A period of restraint stress or wrap restraint stress, where an animal's movements are restricted by gentle binding, is the commonest technique used in the rodent to simulate acute stress. This can be combined with either a cold environment or partial immersion in water. The water avoidance stress, where an animal is placed on a small platform surrounded by water, is another model used for acute stress. 105 Prolonged maternal separation is used to simulate chronic stress and depression. A confounding factor, which requires use of appropriate control groups in all animal experiments, is that routine handling is inherently stressful.
Experimental psychological stress appears able to contribute to both the initiation and reactivation of gastrointestinal inflammation in animal models of colitis. Rats subjected to restraint stress for the four days prior to induction of colitis by 2,4,6-trinitrobenzenesulfonic acid (TNBS) developed an increased mucosal inflammatory response. 106 Restraint stress in the absence of any other costimuli caused partial reactivation of mucosal inflammation in rats which had recovered from TNBS colitis six weeks previously; there was an increase in colonic myeloperoxidase, although there were no inflammatory changes detectable by light microscopy. 107 A period of restraint stress also lowered the dose of TNBS required to reactivate colitis in mice which had recovered from TNBS colitis eight weeks previously. 108 This susceptibility was transferable between mice by a population of CD4 rich lymphocytes taken from the spleen and mesenteric lymph nodes, suggesting that stress induced reactivation is dependent on the presence of key immune cells. Recipient mice did not develop colitis immediately but required a lower dose of TNBS in combination with restraint stress to cause mucosal ulceration than did controls.
Chronic stress appears to render an animal with colitis more vulnerable to the effects of acute stress. Adult rats which underwent previous prolonged maternal separation and which were then subjected to a series of inescapable foot shocks, experienced a greater severity of dextran sodium sulphate induced colitis than did controls. 109 Functioning of the stress axes in animal models of IBD There have been no studies to assess the functioning of the stress axes in animal models of IBD. However, it has been shown that reduced HPA axis function renders rodents susceptible to stress induced increases in gastrointestinal inflammation. If, as discussed above, HPA axis function is Increased colonic mucus secretion Figure 2 Pathways by which the enteric nervous system (ENS) is likely to mediate stress induced increases in inflammatory bowel disease (IBD) symptomatolgy and disease activity. CRF, corticotrophin releasing factor; SP, substance P; IL, interleukin.
reduced in patients with IBD, this observation may be relevant to stress induced increases in disease activity. LEW/N rats have a reduced CRF content of the hypothalamus and paraventricular nucleus compared with controls. They have a markedly decreased plasma ACTH and corticosterone response to stressful stimuli, and have long been recognised as being more susceptible to inflammatory disorders such as the arthritis induced by intra-articular injections of streptococcal cell wall. 110 LEW/N rats also show an increased susceptibility to TNBS induced colitis, an effect which was found to be dependent on coexisting stress. 111 Thus although stress naive animals developed a similar degree of intestinal inflammation to control rats at seven days after TNBS administration, intestinal inflammation was greater in LEW/N rats than in appropriate control animals if they were restrained for six days prior to being given TNBS.
Psychological stress and intestinal barrier function and bacterial-host interactions (fig 2)
Experimental stress in animals increases intestinal mucosal permeability and also alters bacterial-host interactions. These changes are likely to contribute to mucosal inflammation, and fit with the hypothesis that such inflammation is driven by mucosal flora. 112 Restraint stress in rats has been shown to increase jejunal and colonic permeability to inert marker molecules, such as mannitol and Cr-EDTA, and to antigenic proteins such as horse radish peroxidase (HRP). 113 Under normal conditions, HRP passes through the epithelial cells via pinocytosis but, after chronic restraint stress, it also passed through the epithelial layer paracellularly. Although the gut mucosa appeared normal to examination under the light microscope, electron microscopy demonstrated increased HRP both within intracellular endosomes and in interepithelial cell tight junctions. 114 Again, chronic stress appears to enhance the effect of acute stress, since prior maternal separation augmented restraint stress induced increases in permeability. 115 The increase in permeability caused by stress appears to be dependent on cholinergic innervation, as it was blocked with atropine and was more marked in cholinesterase deficient Wistar-Kyoto rats. 116 Mast cells are also important in mediating permeability changes, as mast cell deficient rats exposed to repeated restraint stress lost weight to a similar extent to wild-type rats but without showing changes in intestinal permeability. 117 Restraint stress increased the histamine content of colonic mucosal mast cells in rats, an effect which appeared dependent on both central CRF and IL-1. 118 Increased colonic permeability caused by stress was also mimicked by injection of peripheral CRF. 114 In addition, it has recently been shown that bacterialmucosal interactions are also affected by experimental stress in animal models. One hour sessions of water avoidance stress for 10 consecutive days increased the phagocytic uptake of killed Escherichia coli into follicle associated epithelium in mice. 119 Follicle associated epithelium overlies Peyer's patches and contains M cells which are in close association with dendritic cells, the principal antigen presenting cell of the gut. These changes were not found in villi associated epithelium and did not occur in mast cell deficient rats. 119 120 Catecholamines also appear to have a role in altering bacterial adherence and uptake by gut mucosa. Chen et al reported that both dopamine and noradrenaline increased the adherence of E coli 0157 to murine caecal mucosa 121 whilst Green et al found that pretreatment of isolated porcine jejunal Peyer's patches with noradrenaline led to increased internalisation of Salmonella choleraesuis and E coli 0157 but not of non-pathogenic E coli.
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It is possible that mast cells, stimulated by neurotransmitters such as CRF and SP released by enteric neurones in response to stressful stimuli, increase bacterial adherence and uptake via the release of mast cell mediators. This in turn could lead to the sensitisation of T cells and the production of IFN-c and TNF-a which may both initiate inflammation and cause a secondary increase in permeability. This theory is consistent with the recent finding that increases in intestinal permeability to the inert marker Cr-EDTA, in response to mixed restraint and acoustic stress, were dependent on the presence of T cells and IFN-c. 123 Also, it has recently been demonstrated that expression of mRNA for TNF-a in mucosa correlates with endosomal uptake of HRP in resected ileal mucosa mounted in Ussing chambers. 124 Psychological stress and gastrointestinal motility, and water and ion secretion (fig 2) As in humans, acute stress in the form of restraint stress, loud noise, inescapable foot shock, or water avoidance all increase colonic motility and defecation in the rodent. 125 The mechanisms for these changes involve CRF and its receptors (see below). 126 Similar alterations in ion and water transport to those seen in humans are also well described in animals in response to psychological stress. Increases in gastrointestinal water and chloride ion secretion occur in response to restraint stress in the rat. 127 It is now recognised that, as with changes in intestinal permeability, this secretory response is related to both cholinergic nerves and mast cells as it was increased in cholinesterase deficient Wistar-Kyoto rats, blocked by pretreatment with atropine, and absent in mast cell deficient rats. 116 117 Restraint stress also increased colonic mucus secretion in ex vivo colonic segments and in vivo, as measured by histological goblet cell depletion. [128] [129] [130] This effect could also be reproduced by peripheral CRF administration 128 and inhibited by mast cell stabilisers.
The role of CRF in mediating stress related gastrointestinal changes in animal models (fig 2) CRF is a 41 amino acid neuropeptide which exerts its effects via two adenylate cyclase coupled receptors, CRF-R1 and CRF-R2. 131 It has a pivotal role in mediating the effects of stress on the gastrointestinal tract in animal models, some of which may be relevant to stress induced increases in IBD activity in humans.
Central injection of CRF in the rat induces behaviour normally seen in response to stressful stimuli. 132 It also reproduces the motility changes usually seen in response to stress, with decreased gastric emptying and increased colonic motility. The use of selective CRF receptor antagonists has proven that central CRF increases colonic motility via stimulation of CRF-R1 and delays gastric emptying via stimulation of CRF-R2. 126 More recent evidence has also implicated a role for peripheral CRF in mediating stress induced motility changes. Peripheral administration of CRF antagonists has been shown to abolish restraint stress increases in colonic motility and decreases in gastric motility. 133 As described above, both peripheral and central CRF are important in mediating stress induced increases in gastrointestinal permeability. Furthermore, CRF appears to have a secondary peripheral action as an inflammatory cytokine. It stimulates IL-1, IL-2, and IL-6 secretion and IL-2 receptor expression by peripheral blood mononuclear cells, [134] [135] [136] T and B lymphocyte proliferation, and enhancement of NK cytotoxicity. 137 It exerts a mixed effect on cytokine production by endothelial cells, with both a proinflammatory action via CRF-2 receptors and an anti-inflammatory action via CRF-1 receptors. 138 More recent evidence for a functional role for CRF in animal models of gastrointestinal inflammation comes from the finding that pretreatment with a CRF antagonist reduced the inflammation caused by injection of C difficile toxin into rat terminal ileum. 139 CRF levels are increased in caecal biopsies from rats with experimental colitis induced by intramural injection of peptidoglycan-polysaccharide polymers. 140 In the chronically inflamed caecum, abundant immunoreactive CRF was found in inflammatory cells, mesenchymal cells, and myenteric plexi; in contrast, in non-inflamed caecum only minimal CRF containing cells were found. Whether CRF has a role in mediating stress related gastrointestinal changes in humans with IBD is unknown. However, there is some evidence of a functional role for CRF in the pathogenesis of IBD as CRF levels are increased in lamina propria mononuclear cells in colonic biopsies from patients with active UC. 141 
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IMPLICATIONS FOR THERAPY OF IBD
If psychological stress is indeed a pathogenic factor in IBD, then stress reduction therapy may have therapeutic benefit. However, despite recent advances in our understanding of the relationship between psychological stress and IBD, most stress reduction therapy remains unformalised, and studies of its efficacy in patients with IBD are few. There are a wide variety of psychotherapeutic interventions which could be assessed making standardisation difficult. Due to the nature of the intervention, performing the trials in a blinded controlled manner is also difficult and, as already discussed, with placebo rates of up to 40% 67 68 genuine therapeutic effects can be hard to detect.
Of those trials which have been reported, the results are conflicting. Schwarz and Blanchard found that combined complementary medical treatment, including cognitive behavioural therapy, muscle relaxation techniques, and patient education, was successful in reducing stress but did not improve IBD symptoms. 143 Jantschek et al also failed to find that addition of psychosocial treatments to conventional therapy led to any reduction in the number, duration, or severity of relapses in a prospective two year study of 108 patients with Crohn's disease. 144 In contrast, Milne et al found that a stress management course in addition to conventional treatment significantly reduced Crohn's disease activity index over the follow up period of one year in a randomised trial of 80 patients with Crohn's disease. 145 An uncontrolled study examining the benefits of hypnotherapy, a psychotherapeutic intervention used increasingly to treat refractory irritable bowel syndrome, [146] [147] [148] found a non-significant trend to improvement in the IBDQ score of 12 patients with IBD after six weeks of treatment. 149 In summary, further trials are required before a view can be taken as to whether any form of stress reduction therapy may have benefit for patients with IBD. However, given the considerable evidence both in humans with IBD and in animal models of IBD that stress can increase disease activity, perhaps such studies should now be attempted.
CONCLUSION
Ulcerative colitis and Crohn's disease were initially considered examples of psychosomatic diseases in which psychological factors played a major role. However, as knowledge of the genetic, environmental, and molecular pathogenesis of IBD increased, the possible contribution to its aetiology of psychological stress was progressively neglected. Indeed, stress was often dismissed as a vague subjective concept, a view which some of the early and methodologically flawed studies of stress in relation to IBD did nothing to diminish.
In recent years, however, considerable evidence has accumulated that psychological stress does indeed contribute to the risk of relapse in IBD. Furthermore, laboratory research has indicated a variety of mechanisms by which stress can affect both the systemic and gastrointestinal immune and inflammatory responses. Translating these findings into therapeutic interventions based on stress reduction remains a challenge, the solution to which will not only benefit patients, but also shed further light on the pathogenesis of IBD.
Points to remember: psychological stress in IBD c Recent studies indicate that chronic stress, adverse life events, and depression can cause relapse in patients with IBD. c The effects of stress on inflammation in IBD are likely to be mediated through changes in hypothalamic-pituitaryadrenal function, alterations in bacterial-mucosal floral interactions, activation of mucosal mast cells, and peripheral release of corticotrophin releasing factor. c The symptoms of IBD may be exacerbated by the effects of stress on gut motility and fluid secretion. c There is a need for further controlled studies of the potential benefits of stress reduction therapy in IBD.
